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kdFsrC is the membrane-bound histidine kinase component of the Fsr two-component signal transduction system
involved in quorum sensing in the hospital-acquired infection agent Enterococcus faecalis. Synchrotron radiation
circular dichroism spectroscopy was used here to study the intact puriﬁed protein solubilised in detergent mi-
celles. Conditions required for FsrC stability in detergent were ﬁrstly determined and tested by prolonged expo-
sure of stabilised protein to far-ultraviolet radiation. Using stabilised puriﬁed protein, far-ultraviolet synchrotron
radiation circular dichroism revealed that FsrC is 61%α-helical and that it is relatively thermostable, retaining at
least 57% secondary structural integrity at 90 °C in the presence or absence of gelatinase biosynthesis-activating
pheromone (GBAP). Whilst binding of the quorum pheromone ligand GBAP did not signiﬁcantly affect FsrC sec-
ondary structure, near-ultraviolet spectra revealed that the tertiary structure in the regions of the Tyr and Trp
residues was signiﬁcantly affected. Titration experiments revealed a calculated kd value of 2 μM indicative of rel-
atively loose binding of gelatinase biosynthesis-activating pheromone to FsrC. Although use of synchrotron radi-
ation circular dichroism has been applied to membrane proteins previously, to our knowledge this is the ﬁrst
report of its use to determine a kd value for an intact membrane protein. Based on our ﬁndings, we suggest
that synchrotron radiation circular dichroism will be a valuable technique for characterising ligand binding by
other membrane sensor kinases and indeed other membrane proteins in general. It further provides a valuable
screening tool for membrane protein stability under a range of detergent conditions prior to downstream struc-
tural methods such as crystallisation and NMR experiments particularly when lower detergent concentrations
are used.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.1. Introduction
One of the most important mechanisms by which bacteria sense
and respond to changes in their environment is mediated through
two-component signal transduction systems. These systems general-
ly comprise a histidine protein kinase (or membrane sensor kinase), synchrotron radiation circu-
biosynthesis-activating phero-
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12 Published by Elsevier B.V. All rigwhich is usually membrane-bound and is responsible for sensing a
speciﬁc environmental signal (or set of signals), and a partner re-
sponse regulator which mediates a speciﬁc response, usually up- or
down-regulating speciﬁc genes. Of the two components, much less
is understood about the sensor kinase proteins, particularly with re-
gard to ligand (signal) interactions. This is largely due to the hydro-
phobic nature of these membrane proteins which presents technical
challenges for studying these proteins. To overcome this, one ap-
proach has been to devise in vivo reporters of sensor activation and
inhibition in response to ligand; this has been particularly successful
for identifying ligand speciﬁcity determinants and the rules for
ligand-receptor recognition in the Agr quorum system of Staphylococ-
cus aureus [1–3]. Another approach has been to express and purify the
transmembrane sensory domains in isolation [4,5]. Despite this pro-
gress, little quantitative binding data have yet emerged. Furthermore,
studies of protein fragments are likely to be unsuitable for observing
the expected longer range structural impacts of ligand binding. Thus,
studies using the intact versions of these membrane proteins is cru-
cial. Previous work by our group overcame many of the challenges as-
sociated with working with these full-length membrane proteinshts reserved.
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teen intact membrane sensor kinases from Enterococcus faecalis, an
important cause of hospital-acquired infections in the UK [6]. One
of these proteins was FsrC, a quorum (or cell density) sensor which
regulates expression of gelatinase (GelE), serine protease (SprE)
and other genes important for virulence (Fig. 1A (transmembrane re-
gion)) [7,8]. The quorum signalling ligand for FsrC is gelatinase
biosynthesis-activating pheromone, (GBAP), a small autoinducing
lactone-linked cyclic peptide of 11 amino acid residues (Fig. 1B) [9].
We showed that intact recombinant FsrC, which was puriﬁed within
detergent micellar complexes, was active and responsive to GBAP:
using in vitro autophosphorylation assays the addition of two-fold
GBAP increased the levels of phosphorylated FsrC by ten-fold [6].Fig. 1. Production and conﬁrmation of puriﬁed active his-tagged E. faecalis FsrC.
(A) Predicted topology of the putative transmembrane and extracellular sensory re-
gions of FsrC using the predictive tools outlined in Methods. Residues 1–217 of the
total 464 are shown; those highlighted in black are identical amongst FsrC and all
four speciﬁcity types of quorum sensor AgrC of Staphylococcus aureus [1–3], those in
grey are unique to FsrC and those highlighted in white are residues that are similar
to one or more AgrC sequences. B. Molecular structure of the GBAP pheromone [9].
(C) SDS-PAGE (5% stacking and 12.5% resolving gels) of 5 μg puriﬁed intact FsrC
(52.9 kDa) visualised using Coomassie blue staining. M, molecular mass markers. (D)
Western blot using 5 μg puriﬁed FsrC to detect the presence of the C-terminal hexa-
histidine tag; (E) In vitro autophosphorylation activity assays of: lane 1,puriﬁed FsrC
(80 pmoles); and lane 2, puriﬁed FsrC (80 pmoles) in the presence of GBAP (160
pmoles Q-less version) used in the study. Assays were performed as described in
Methods. Phosphorimager-based measurements of radiolabelled FsrC-P levels are
shown below each lane. Arrows denote the positions of the monomeric (solid arrow)
and minor levels of multimeric (dashed arrow) intact protein, which were veriﬁed
by N-terminal sequencing and mass spectrometry [6].The activity of intact FsrC was also shown to be speciﬁcally inhibited
by siamycin I, a known inhibitor of the Fsr pathway, establishing the
ﬁrst identiﬁed target underlying Fsr inhibition by siamycin I [10].
Having established the suitability of puriﬁed intact FsrC for identi-
fying ligands and inhibitors that modulate its activity, the present
study was undertaken to initiate the acquisition of kinetic and
binding data for their interactions. Here we use synchrotron radiation
circular dichroism (SRCD) spectroscopy, a technique not used previ-
ously for the study of intact membrane sensor kinases, nor used pre-
viously in the near-UV region to obtain binding data for any intact
membrane protein. We also deﬁne the conditions required to stabilise
the membrane protein in detergent solution for reliable SRCD mea-
surements, which were then employed here to provide the ﬁrst quan-
titative binding data for any intact puriﬁed membrane sensor kinase
with its ligand.
2. Materials and methods
2.1. Expression and puriﬁcation of intact FsrC
E. coli BL21 [DE3] cells harbouring pTTQHK15, the FsrC membrane
protein expression plasmid which carries the intact fsrC gene of E.
faecalis V583 fused at the 3’-end to a sequence encoding a hexa-
histidinemotif [6], were cultured as described previously [6,10]. Brieﬂy,
cells were cultured at 37 °C in Luria-Bertani broth in 30- or 100-litre
volumes in an aerated fermenter, and FsrC expression induced using
0.5 mM IPTG [6]. After 3 h further incubation at 37 °C, cells were
harvested, lysed by explosive decompression and inner membranes
isolated [6]. Intact FsrC was solubilised from inner membranes using
1% n-dodecyl-β-D-maltoside (DDM) detergent and puriﬁed via the
engineered hexa-histidine tag using nickel afﬁnity chromatography,
all of which was performed as described in [6], except that 0.02% or
0.05% DDM was present in all buffers and throughout all puriﬁcation
steps, and a second puriﬁcation step was undertaken in which eluted
protein was re-applied to a freshly charged nickel column, washed
with two column volumes of Wash buffer [6] containing 30 mM
imidazole prior to elution [6]. Size exclusion chromatography using
desalting BioRadEcono-Pac 10DGcolumnswasundertaken to exchange
preparations into 10 mM sodium phosphate buffer pH 7.5 containing
0.02% or 0.05% DDM. Exchanged protein was concentrated using
Vivaspin Centrifugal Concentrators (Sartorius).
2.2. Western blotting
FsrC preparations were subjected to SDS-polyacrylamide gel
electrophoresis (5% stacking and 12.5% resolving acrylamide/bis-
acrylamide gels) [11] and transferred to Fluorotrans™ membrane
(Pall BioSupport UK) for Western blot analysis using INDIA™
HisProbe-HRP for detection of histidine-tagged proteins, as described
previously [6].
2.3. SRCD measurements
SRCD experiments were performed using a nitrogen-ﬂushed
instrument on the B23 Synchotron Radiation CD Beamline at the
Diamond Light Source, Oxfordshire, UK [12]. Samples were typically
prepared in 10 mM sodium phosphate pH 7.5 containing 0.02 or
0.05% DDM (above the CMC value of 0.009%), and left to equilibrate
for a period of time based on CD measurement showing no further
change in the near UV region. Stabilisation/equilibration conditions
included an incubation period of at least 2 h at 20 °C prior to obtain-
ing spectra of samples prepared in 0.02% DDM. When ligand or other
additions were required, a period of 20 min incubation was required
prior to obtaining spectral data. Spectra were obtained routinely at
20 °C (unless otherwise stated). No data in which the HT of the detec-
tor (PMT) exceeded 600 V were included in the analyses [12,13].
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tration of FsrC employed was 6 μM. Using sample volumes of 200 μl,
four scans were acquired using an integration time of 1 second, a
pathlength of 0.02 cm and a slit width of 0.5 mm equivalent to
1.2 nm bandwidth. To investigate the effects of GBAP on the FsrC
spectrum in this region, the protein was incubated in the presence
of either 12 μM GBAP (dissolved in 3.09% acetonitrile) or an equiva-
lent volume of acetonitrile. The ﬁnal concentration of acetonitrile
was 0.4%. Secondary structural content was determined by analysis
of the far-UV spectral data using the CONTINLL and CDSSTR algo-
rithms [14–16] of B23 beamline OLIS Globalworks software. To deter-
mine if GBAP binding affects the thermal stability of FsrC, stabilised
FsrC was incubated in the presence and absence of two-fold GBAP
at 5 °C and spectra obtained over a range of temperatures starting
at 5 °C and increasing incrementally to 90 °C, with 10 min equilibra-
tion time followed by a return to 20 °C in one step of 30 (min) equil-
ibration time.
For measurements in the near UV region (250–340 nm) experi-
ments were performed in 10 mM sodium phosphate (pH 7.5) con-
taining 0.05% DDM using 100 μl sample volumes at 20 °C. In general,
a concentration of 20 μM FsrC was employed in cells of 1 cm path-
length. To investigate the effect of ﬁve-fold molar excess GBAP, aver-
aged data from 10 scans (integration time 1 s) were obtained for
samples containing FsrC in the presence of ﬁve-fold (100 μM) GBAP
(dissolved in 0.36% acetonitrile), FsrC in the presence of 0.36% aceto-
nitrile, GBAP (dissolved in 0.36% acetonitrile) (100 μM), and 0.36%
acetonitrile. For titration experiments, GBAP was added in a stepwise
manner as described previously [13], by adding small volumes of
2–3 μl of ligand stocks directly into the 100 μl protein sample
(20 μM) and incubating for 20 min at 20 °C prior to obtaining spectra.
GBAP was tested at molar ratios of 0.5:1, 1:1, 2:1, 3:1 and 5:1 GBAP:
FsrC with a 20 minute incubation period following each addition be-
fore acquiring the spectra. At titration point 5:1 (the maximum
GBAP:FsrC employed), sample volumes were 111 μl and contained
0.36% acetonitrile. Again, 10 scans were acquired, each with an
integration time of 1 sec (75 min per titration point). That the accu-
mulating acetonitrile itself exerted no signiﬁcant effect on the FsrC
spectrum was veriﬁed by subtraction of acetonitrile controls derived
from the spectrum of the maximum acetonitrile concentration. The
dissociation constant kd was determined using the experimental
criteria described previously [13] and by analysis using the B23 in-
house program CD titration© v1.6 [Myatt, Siligardi et al., pers. commun.]
based on non-linear regression analysis [17].
All spectra of relevant background buffers, solvents, GBAP alone etc
were subtracted from the experimental data, which were then either
converted into mean residue ellipticity using the equation: [θ]mrw,λ=
MRW x θλ/10 x d x c, where θλ is the observed ellipticity (degrees) at
wavelength λ, d is the pathlength (cm), and c is the concentration
(g/ml), or analysed using CD titration© v1.6. The mean residue weight
(MRW) for recombinant FsrC was taken to be 114.72. Data were con-
verted to ΔA for kd calculation.
The cyclic GBAP pheromone ligands used in this studywere prepared
synthetically. Peptides QN(SPNIFGQWM) and Ac-N(SPNIFGQWM) have
been described previously, and have been shown to exhibit comparable
levels of activation of FsrC autophosphorylation activity [18,19].
2.4. Activity assays
Autophosphorylation activity assays were performed as described
previously [6,20], except that 360 pmoles of puriﬁed protein were
used in the 15 μl assay reactions. In GBAP reactions, 160.5 pmoles of
the peptide were also added, resulting in a FsrC:GBAP molar ratio of
1:0.45. In all reactions, equivalent volumes of acetonitrile (used to
dissolve GBAP) were added and samples were preincubated for
20 min at room temperature prior to initiation of the assays through
addition of radiolabelled ATP.2.5. Protein determination
FsrC concentrations were determined spectrophotometrically in
an Implen nanophotometer instrument using a molar extinction coef-
ﬁcient, ε (FsrC-His6), for recombinant FsrC of 38,390 M−1 cm−1.
2.6. Topology predictions
Predicted topology of the putative transmembrane and extracellular
sensory regions of the source FsrC protein used in the present study, orig-
inating from E. faecalis V583, were determined using TMHMM (http://
www.cbs.dtu.dk/services/TMHMM), SOSUI (http://bp.nuap.nagoya-u.ac.
jp/sosui/), TMpred (http://www.ch.embnet.org/software/TMPRED_form.
html) and TopPred (http://bioweb.pasteur.fr/seqanal/interfaces/toppred.
html) programs.
3. Results
3.1. Preparation and conﬁrmation of puriﬁed and active intact FsrC
We have previously developed methods for the successful expres-
sion in E. coli of intact FsrC, for its solubilisation from E. coli inner
membranes and for its puriﬁcation via the hexa-histidine tag engi-
neered at the C-terminus of the protein [6,10,20]. Fig. 1C shows the
successful employment of these methods, which were further opti-
mised here, for the puriﬁcation of intact FsrC. In common with
many membrane proteins, FsrC exhibits typically anomalous migra-
tion in SDS-PAGE; the apparent mass of ~43 kDa was reported previ-
ously [6] and contrasts with the predicted mass of 52.9 kDa [6]. The
identity of the recombinant protein was conﬁrmed by mass spec-
trometry [6], by routine detection of the C-terminal hexa-histidine
tag in Western blotting experiments (Fig. 1D) and by veriﬁcation of
its retained activity and response to GBAP monitored through autop-
hosphorylation activity assays; Fig. 1E shows that the presence of
two-fold GBAP used in this study elicited a signiﬁcant (twenty-fold)
increase in FsrC-P levels in the activity assays, as expected [6]. There-
fore, the intact FsrC protein was conﬁrmed as a puriﬁed and active
protein under the DDM detergent conditions employed and was
therefore used for the following SRCD experiments.
3.2. Secondary structure, structural integrity and stabilisation of puriﬁed
intact FsrC
Although the activity assays undertaken both in the present
study (Fig. 1E) and previously [6,10] conﬁrm that intact FsrC is pre-
pared as an active (and therefore presumably folded) protein, reten-
tion of secondary structural integrity by intact FsrC preparations
was investigated using SRCD in the far-UV range, especially in
light of the relatively harsh detergent-based puriﬁcation procedure
used to obtain the puriﬁed membrane protein. The spectra obtained
were typical of an α-helical membrane protein (Fig. 2), thereby con-
ﬁrming the retention of FsrC structural integrity. The puriﬁcation
procedure required for producing the intact membrane protein
was therefore conﬁrmed as suitable for obtaining folded protein
which retains structural integrity. Such retention of secondary struc-
ture post-puriﬁcation was also found to be the case during our pre-
vious studies of other intact sensor kinases which employed similar
methods (e.g. [20]).
Our initial SRCD studies revealed that consecutive spectra of the
same sample, whilst consistently typical of well folded protein,
were variable and generally not superimposable in terms of intensity
magnitude. Stabilisation/equilibration trials of FsrC were therefore
undertaken to identify conditions under which the protein-micelle
complex gave reliable, consistent and superimposable CD spectra.
After trialling several different sets of conditions, FsrC was success-
fully stabilised through incubating freshly diluted protein stocks for
Fig. 2. Determination of FsrC stability during SRCD. (A) Far UV spectra of puriﬁed FsrC (6 μM) at 0 h (solid black line, unsymboled), 1.5 h (dashed line, unﬁlled square), and 2.5 h
(dashed line, unﬁlled circle) following sample preparation in 10 mM sodium phosphate pH 7.5 containing 0.02% DDM at 20 °C. Repeat spectra after 1.5 h involving sample removal
and reloading were also included (dashed line, unﬁlled triangle). Data shown are the average of four spectra. Spectra of stabilised FsrC before and after exposure to far UV radiation,
in: (B) the absence and (C) the presence of two-fold GBAP. Spectrum 1, immediately after stabilisation (solid line); and spectrum 40, following 100 min exposure to light radiation
(190–260 nm) during 39 consecutive scans (dashed line). The buffer conditions are described in Methods and in the presence of 1.2% acetonitrile. Data from each individual scan
(unsmoothed) are shown.
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Methods. For example, Fig. 2A shows that superimposable spectra
for FsrC in 0.02% DDM are obtained following incubation for at
least 1.5 hr prior to data collection, and that a high level of reproduc-
ibility is possible thereafter. Reproducibility and stability were fur-
ther conﬁrmed in comparisons of an initial spectrum of freshly
stabilised FsrC with that obtained following 100 min exposure to
180–260 nm radiation during 39 repeated scans in the instrument.
The measured repeated spectra obtained were again almost indistin-
guishable, both in the presence or absence of the GBAP ligand (Fig. 2B
and C). When detergent concentrations were increased to 0.05%, stabil-
ity was achieved more rapidly, removing the requirement for the stabi-
lisation/equilibration step, as exampliﬁed by measurements in the
near-UV region (250–340 nm) (Appendix A: Fig A.1.). We have there-
fore identiﬁed conditions for reliable stabilisation of intact FsrC forSRCD studies. Whilst previous studies have shown that choice of
detergent type can affect activity, conformation and determinations
of secondary structure composition of membrane proteins [21,22
and references therein], this is the ﬁrst report of time- and
concentration-dependent stabilisation required under detergent
conditions greater than the CMC. The reasons for the required stabi-
lisation period are unclear. It is possible that it simply reﬂects the
time necessary for the protein-micelle complex to stabilise follow-
ing the initial dilution of the protein stock to prepare the CD sam-
ple. If so, the dilution effects appear to be minimised through use
of higher concentrations of detergent, as demonstrated here. In-
deed, the higher concentration of 0.05% is more safely above the
CMC for DDM of 0.009%, and therefore the system may reach stabil-
ity more quickly. All subsequent experiments employed these stabi-
lisation conditions.
Table 1
Secondary structure analysis of puriﬁed FsrC in DDM micelles using the mean values
derived from the CONTINLL and CDSSTR algorithms⁎.
Secondary structure Composition
FsrC FsrC+GBAP⁎⁎
H1: α-helix 0.410±0.017 0.430±0.017
H2: distorted α-helix 0.203±0.012 0.21±0.010
S1: β-strand 0.043±0.006 0.037±0.006
S2: distorted β-strand 0.037±0.006 0.033±0.006
T: turn 0.113±0.012 0.11±0.010
Unordered 0.190±0.036 0.183±0.025
⁎ Using the SP43 and SP43 plus 5 denatured protein datasets (Appendix Table B.1).
⁎⁎ 2-fold molar excess of GBAP.
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The effect of GBAP on the secondary structural conformation of
FsrC was investigated using SRCD in the far-UV (180–260 nm) region.
Fig. 3A shows that the addition of a two-fold molar excess of GBAP
elicited no signiﬁcant change in the FsrC spectrum, indicating no de-
tectable effect of the ligand on the secondary structural composition
of FsrC (Fig. 3A). When the far-UV spectra were compared with
those of reference proteins of known secondary structural composi-
tion using two algorithms [14–16], a predominantly α-helical content
of 62.5% (averaged data) for FsrC in the absence and presence of GBAP
was revealed (Table 1; full data in Appendix B: Table B.1). This is in
good agreement to that of the theoretical predicted α-helical content
of 66% (obtained as the mean value derived using PREDATOR, Predict-
Protein, PSIPRED, SABLE, SAM and YAPSIN predictive tools — Appendix
B: Table B.2). Importantly, Table 1 conﬁrms that there is no signiﬁcant
effect of GBAP on FsrC secondary structure composition.
Thermal studies showed very similar data in the presence and ab-
sence of the GBAP ligand with no change in the melting temperature
(Tm) of FsrC (Fig. 3B, Appendix C: Fig. C.1). Comparisons of the peak/
trough maxima at each temperature reveal FsrC to be relatively ther-
mostable, retaining 57–73% of secondary structure at 90 °C (Fig. 3C).
Temperature-dependent loss of secondary structural integrity ap-
pears to be mainly irreversible however, since a return to 20 °C
resulted in an insigniﬁcant recovery of structural integrity. In summa-
ry, there was no discernible effect of GBAP on the thermal stability of
the protein.
To determine whether GBAP binding affects the tertiary confor-
mation of FsrC, SRCD measurements in the near-UV region encom-
passing the environments of the aromatic residues Tyr, Trp and Phe
and of any disulphide bonds, were undertaken. A higher detergent
concentration of 0.05% DDM (rather than 0.02%) was employed
here, since stability/equilibration conditions are attained more rapid-
ly (see above), and there are no signiﬁcant changes in the near- or far-
UV spectra using this higher detergent level (Appendix C: Fig. C.2).
Fig. 4A shows the near-UV spectra (250–340 nm) for intact FsrC in the
presence and absence of a ﬁve-fold concentration of added GBAP.Fig. 3. The effect of GBAP on FsrC and its thermal stability revealed through SRCD in the far
equivalents of GBAP at 20 °C. Solid line, FsrC+acetonitrile; dashed line, FsrC+GBAP. (B) The
temperatures described in Methods. Spectra for FsrC with GBAP present (showing similar d
sence of two-fold GBAP and expressed as % initial mean residue ellipticity obtained at 5 °C;
two-fold GBAP (dissolved in acetonitrile). Spectra were obtained as described in Methods aSignals from Phe occur within 255–270 nm, signals from Tyr pre-
dominate at 275–282 nm and those from Trp mainly occur within
285–305 nm [23,24], though there are overlapping contributions from
the Tyr and Trp signals in these regions. The spectra shown in Fig. 4A
are corrected for any signals arising from other sample components
(buffer/0.05% DDM/acetonitrile) or from GBAP itself, as appropriate,
andwe therefore attribute the change in the spectrum to an interaction
arising from the binding of GBAP to FsrC. The largest changes in the
spectrum are in a wavelength region that corresponds with Trp and
Tyr residues, so these residues in FsrC and/or in GBAP are likely to be in-
volved in the binding interaction.
To quantify the binding between FsrC and GBAP observed, a
method was developed for titrating increasing concentrations of
GBAP with FsrC into the sample cell and from such data to derive a
kd value for the interaction. Fig. 4B shows the FsrC spectra obtained
in response to increasing concentrations of GBAP up to a molar excess
of 5:1. The program CD titration© v1.6 was used to calculate from
these data the kd value, taking into account (i) any contributions of
buffer, GBAP and acetonitrile by subtracting the relevant controls
shown in Fig. 4C; and (ii) for each titration point, the dilution of the
sample. The change in absorbance at 277 nm (Fig. 4B) following
each ligand addition was calculated, and Appendix D: Fig. D.1 showsUV region of the spectrum. (A) FsrC spectra in the presence and absence of two molar
rmal stability of FsrC alone with no GBAP present. Spectra were obtained at each of the
ata) are shown in Appendix C.1.; (C) thermal stability of FsrC in the presence and ab-
solid line, FsrC (plus equivalent acetonitrile (1%)); dashed line, FsrC in the presence of
nd are the average of four scans (data unsmoothed).
Fig. 5. Estimation of the binding afﬁnity (kd value) for GBAP binding to FsrC from SRCD
titration measurements in the near-UV region at 20 °C. The titration and control spec-
tra shown in Fig. 4 were used in the program CD titration© v.1.6 to calculate the change
in absorbance at 277 nm following each GBAP addition. The experimental data were
compared to binding curves matching a range of possible kd values; the experimental
data ﬁtted best to a model binding curve for a kd of 2 μM (shown). Comparisons of
the experimental data with other model binding curves (kd values from 1.0 to
10.0 μM) are shown in Appendix D: Fig. D.1.
Fig. 4. Detection and titration of GBAP binding to FsrC using SRCD measurements in the
near-UV region at 20 °C. (A) Effect of GBAP binding; spectra for FsrC (20 μM) in the absence
(solid line) andpresence (dashed line) ofﬁve-foldmolar excess of GBAP. The spectra shown
are fully corrected for buffer/acetonitrile/GBAP signals by subtraction of the control spectra
shown in (C). The reactions contained 20 μMFsrC, 0.05% DDM and either 0.36% acetonitrile
or 100 μMGBAPwith 0.36% acetonitrile. The spectral regions predominantly contributed by
aromatic residues (Phe, Tyr, Trp) are shown in grey. (B) Titration spectra for GBAP binding.
The grey dashed line indicates the 277 nm wavelength used for estimating the kd value.
(C) Control spectra used for detection and titration of GBAP binding. Spectra are shown
for the following separate samples: buffer alone; buffer+total acetonitrile at titration
point 5:1 (buffer+0.36% acetonitrile); buffer+total GBAP at titration point 5:1 (buffer+
100 μMGBAPwith 0.36% acetonitrile); FsrC alone (buffer+20 μMFsrC); FsrC+total aceto-
nitrile at titration point 5:1 (buffer+20 μM FsrC+0.36% acetonitrile); FsrC+total GBAP
at titration point 5:1 (buffer+20 μM FsrC+100 μM GBAP with 0.36% acetonitrile). All
samples were stabilised as described in Methods. Unsmoothed data shown.
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curve with a kd value of 2 μM (Fig. 5). This binding afﬁnity and the
concentration range at which the curve reaches saturation is consis-
tent with our GBAP-activated assays of autophosphorylation activity
performed with puriﬁed FsrC [6,10].
4. Discussion
During the present study we have developed a robust method for
obtaining reproducible SRCD spectra for intact puriﬁed FsrC solubi-
lised in detergent micelles and for detecting and quantifying the
binding of its pheromone ligand GBAP to the protein. We identiﬁed
a number of important technical considerations that should be useful
in general to investigate ligand binding by membrane proteins recon-
stituted in detergent micelles by SRCD spectroscopy. In particular, a
sufﬁcient incubation period following initial dilution of the protein
in detergent to prepare the SRCD sample and following the addition
of ligands is essential for achieving a stable sample and reproducible
results. Stability was monitored by acquiring repeated scans until
consecutive scans overlay satisfactorily. When we used FsrC in a buff-
er containing 0.02% DDM, an incubation period of at least 1.5 h was
necessary for the sample to stabilise before acquiring spectra
(Fig. 2), and 2 h was routinely adopted in this study. Such incubations
were not required using 0.05% DDM for which 30 min were sufﬁcient.
In the titration experiments to obtain quantitative information on li-
gand binding an incubation period of 20 min following each addition
of ligand was used. Ten repeated scans and an integration time of 1 s
for acquiring each spectrum, which in total gives a time of approxi-
mately 75 min per titration point were carried out (Fig. 4). A sufﬁ-
cient number of scans to obtain a spectrum with a good signal-to-
noise ratio is especially important for the titrations, particularly
when small changes in the spectral intensity are observed. Small sam-
ple volume measurements are particularly advantageous for mem-
brane protein studies in which protein yields are typically lower
compared to those of most soluble proteins. Such low volume mea-
surements in the near UV region for ligand titrations using a
2 mm×2 mm window of a 1 cm pathlength cell were made possible
by the B23 highly collimated beam [12]; these measurements would
not have been feasible using a conventional benchtop instrument. In-
deed, SRCD proved to be a useful screening method for determining
secondary structure stability of FsrC in detergent micelles under dif-
ferent conditions, and will thus provide a valuable tool for identifying
stabilised membrane protein preparations in low detergent condi-
tions required for some downstream applications such as protein
crystallisation or NMR structural measurements, where stability is
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mising detergent usage; indeed, previous SRCD measurements in the
far-UV range have also identiﬁed the importance of detergent condi-
tions for the stability of other membrane proteins, for reliable mea-
surements of α-helical content and even for providing protein
preparations in their bound or free states [21,27].
The present study is the ﬁrst report of quantitative binding data
derived by SRCD for an intact membrane sensor kinase with its ligand.
SRCD and CD spectroscopy of membrane proteins has generally been
used previously for conﬁrmation of secondary and tertiary structural
integrity of these proteins and protein domains (e.g. [4,5,20,28,29]) or
their ligands including GBAP [18], and for investigations of protein
stability (thermal- and urea-based denaturation) (e.g. [30,31]). For
example, a near-UV CD- and ﬂuorescence-based study of two small
histidine kinases of Mycobacterium tuberculosis revealed their rela-
tively high thermostability (which was also found to be the case
here for FsrC (Fig. 3B and C)), and their characteristics of unfolding,
including quantiﬁcation of the energies involved [31]. However, to
our knowledge there has been only one previous CD study of ligand
binding by an intact membrane protein, which characterised interac-
tions of the small multidrug resistance transporter protein SugE with
its quaternary cation ligand, though again no titrations or binding
data were reported [32].
Near-UV SRCDmeasurements revealed that GBAP binding affected
the tertiary structure of puriﬁed intact FsrC resulting in changes in the
environments of the aromatic residues (particularly Tyr and Trp)
(Fig. 4). Indeed, the thermal stability data presented in Fig. 3C may
suggest a small but discernible stabilising effect of the ligand
(Fig. 3C). Native FsrC (51,507.4 Da) possesses three putative extracel-
lular sensory domains that are likely to be involved in ligand binding
(ESD1-3), separated by six putative transmembrane regions (TMs)
and three relatively short intracellular regions (Fig. 1A) [33]. The pro-
tein possesses four Trp and eleven Tyr residues [7,9]; Trp56 and 118
are both predicted to reside within TM 2 and 4, respectively, though
they are also in close proximity of (and could even therefore reside
within) ESDs 1 and 2. The majority of the hydrophobic Tyr residues
have predicted locations within the TMs, though Tyr98 and Tyr112
are predicted to reside in ESD2 (Fig. 1A). The SRCD signals of Trp
and Tyr overlap and therefore it is difﬁcult to identify which aromatic
environments or indeed residues are affected by GBAP binding
(Fig. 4). However, there are clearly several candidate Tyr and Trp res-
idues affected, some of which have predicted locations within or close
to ESDs 1 and 2 (Fig. 1A). The quorum sensor AgrC has a similar topol-
ogy to that predicted for FsrC and reporter-based studies of AgrC ac-
tivation and inhibition have identiﬁed ESDs 1 and 2 as speciﬁcally
important in AIP pheromone recognition [3] and ESD 2 important
for AIP speciﬁcity for each AgrC type [2]. However, the primary se-
quences of the staphylococcal AIPs and AgrC sensing domains exhibit
little identity to FsrC and GBAP, though the possibility of general con-
served similarities at the three-dimensional structural level for these
small peptide pheromones is feasible.
The Phe residues of FsrC have predicted locations mainly within
the TMs but also within putative ESD1 (Phe47), ESD2 (Phe107 and
Phe108) and ESD3 (Phe180 and Phe184) (Fig. 1A). However, we
found little discernible effect of ligand binding on the total Phe signal
(Fig. 4), suggesting that none of the Phe environments are signiﬁcant-
ly affected and that there is little conformational change in these
environments.
FsrC is sensitive to very low concentrations of GBAP in vivo and is
activated in the presence of 1–5 nM GBAP in the environment [6,33].
By contrast, the kd for FsrC-GBAP interactions of 2 μM calculated in
the present study demonstrates relatively loose binding of the acti-
vating ligand (Fig. 5). This result is consistent with the concentration
range of GBAP required to activate puriﬁed FsrC reconstituted in DDM
micelles in in vitro autophosphorylation assays [6]. Indeed, the micro-
molar kd value obtained here is also consistent with that reported forother sensory proteins involved in signal transduction. For example, it
is comparable to the kd value of 5.5 μM determined for the isolated
periplasmic binding domain of another sensor kinase, CitA, using iso-
thermal titration calorimetry measurements [34]. Furthermore, it dif-
fers as expected with the kd values obtained in vitro for other
membrane protein families such as the lower-afﬁnity transport pro-
teins in which millilmolar afﬁnities are typical [35]. We cannot rule
out the possibility that the conformation of the protein in detergent
is not as in vivo, as the detergent conditions are different to those in
the native membrane. This could account for the lower binding afﬁn-
ity compared with that reported for in vivo activation. However, there
are also inherent limiting features of most in vivo binding experi-
ments to be taken into account, such as ligand activities in the pres-
ence of different cell densities used in the binding assays. We note
relevant similarities between our detergent system and native mem-
brane systems reported previously, including association period for
binding and equilibration, which provide additional conﬁdence that
detergent systems are suitable for providing data of in vivo and phys-
iological relevance [36].
The ability to determine binding afﬁnity data for intact sensor ki-
nases using SRCD, as demonstrated for the ﬁrst time in the present
study, will be highly informative in future comparative studies such
as mutagenesis to identify residues involved in ligand binding and
in inhibitor screening.
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